Alkali / Alkaline-Earth / Silicate / Glasses / Network Formers / Network Modifiers / Self-Diffusion / Conductivity Conductivity measurements and diffusion studies with radioactive and stable isotopes were performed to investigate the diffusion of both network modifiers (alkali (A) and alkaline-earth (M) ions) and network formers (oxygen (O) and silicon (Si)) in various mixed-cation silicate glasses below the respective glass transition temperatures. The dynamics of the network modifiers A and M were studied in bulk glasses prepared from the melt and in sol-gel derived glass films. The diffusion anneals were performed under air and under reducing conditions in forming gas. No impact of the glass preparation on the diffusion of the network modifiers was found. However, the diffusion of the alkaline-earth ions is affected by additional defects formed under reducing conditions. The dynamics of the network formers O and Si was investigated against the type of alkali and alkaline-earth ions, their composition ratio, and the number of non-bridging oxygens. We found that Si diffusion is directly related to the rigidity of the glass. Combining the data on O diffusion with previous results on the diffusion of alkaline-earth ions M in glasses of the same composition, we conclude that the diffusion of O is likely assisted by M via the formation of O−M pairs.
Introduction
Amorphous silicon dioxide doped with alkali and alkaline-earth oxides and even pure amorphous silicon dioxide are used for various applications not only in form of bulk glasses, but also as glass films. Bulk glasses are widely used as window glasses, solid electrolytes [1] , and for sealing of nuclear waste [2] . Important applications of thin glass layers concern anti-reflection coatings of lenses [3] , corrosion protection [4] , and surface hardening [5] . Pure amorphous layers of silicon dioxide with only a few nanometer in thickness are used as insulating oxide in metal-oxide-semiconductor (MOS) structures that form one basic element of microelectronic devices [6] . Structures of amorphous silicon dioxide layers with embedded nanoparticles are considered as a new class of flash memory devices [7] and solar cells [8] . In order to meet the requirements associated with the various applications of glasses, the specific functional properties of the material must be controlled. That is, glasses for solid electrolytes should possess high conductivities, whereas e.g. silica layers in MOS devices should be highly insulating. The properties of glasses that are important for almost all glass applications are the transport properties of the glass constituents. For solid electrolytes the mobility of ions determines the macroscopic conductivity, whereas both mobile ions and immobile charged defects affect the macroscopic capacitance-voltage characteristic of MOS structures. Engineering materials with improved properties requires an in-depth understanding of the type of defects, their interaction and atomic mobility. This, in particular, holds for crystalline materials but to some degree also for strongly bond oxide glasses, whose local structure resembles their crystalline phase.
In this work we report experimental studies on the dynamics of all constituents of mixed alkali alkaline-earth silicate glasses in order to uncover collective jump processes. The mobilities of alkali and alkaline-earth ions both in bulk and thin film glasses are determined by means of conductivity measurements and radiotracer diffusion experiments, respectively. These studies demonstrate that the radii ratio of the alkali and alkaline-earth ions strongly affects the activation enthalpy of the divalent cations. The impact of alkali ions on the mobility of alkaline-earth ions holds for bulk glasses prepared from the melt and for glass films derived with the sol-gel technique. However, differences in oxygen diffusion in bulk and thin film glasses are observed and ascribed to oxygen related defects formed during sol-gel processing. Silicon diffusion studies were performed by means of isotopically enriched sol-gel glasses deposited as thin films on bulk silicate glasses. The activation enthalpy of oxygen and silicon diffusion as function of the glass composition in comparison to the results on the mobility of the divalent cations led us to propose the formation of pairs between oxygen and alkaline-earth ions that, in particular, contribute to the diffusion of oxygen in silicate glasses.
In Sect. 2.1 experimental details on the diffusion of the network modifiers, i.e. of monovalent and divalent cations, and in Sect. 2.2 of the network formers oxygen (O) and silicon (Si) in mixed alkali (A) alkaline-earth (M) silicate glasses are described. The results on the dynamics of the network modifiers A and M and the network formers O and Si are presented and discussed in Sects. 3.1 and 3.2, respectively.
Experimental

Diffusion of network modifiers
Bulk glasses were prepared from dried powders of Aerosil (99,8%) and the carbonates of alkali and alkaline-earth elements (> 99%) [9, 10] . The material of the desired composition was melted in a platinum crucible at temperatures between 1770 and 1870 K for 5 to 6 h. The melts were casted into steel molds pre-heated at 570 K to obtain cylindrical bulk glasses of 30 mm height and 10 mm diameter. The glasses were annealed 50 K below their respective glasstransition temperatures T g for 2 h and cooled down to room temperature with a rate of 1 K min −1 . The cylindrical bulk glasses were cut into discs of 1.8 mm thickness. One surface of each sample was mechanically grinded with sandpaper of 15 μm grain size, followed by a four-step polishing procedure with diamond suspensions of decreasing grain size from 9 to 1/4 μm to achieve a scratch-and pit-free surface.
Two thin film glasses of the composition Na 2 O · 2CaO · 4SiO 2 and K 2 O · 2CaO · 4SiO 2 were obtained by means of the sol-gel technique. A solution of tetraethyl orthosilicate Si(OC 2 H 5 ) 4 (TEOS) and nitrates of the cations in a ratio of the desired compositions was prepared and combined with deionized water for the hydrolysis and methanol as solvent. 1 molar HNO 3 was added to the solution to get pH = 1. The sol-gel films were derived by spin coating on thermally oxidized silicon wafers with an oxide thickness of 135 nm. The samples were subsequently densified at 773 K in air. Ellipsometry measurements yielded layer thicknesses of approximately 100 nm. This thickness was confirmed by compositional investigations of the layer by means of time-of-flight secondary ion mass spectrometry (TOF-SIMS). Atomic force microscopy revealed a surface roughness of about 1 nm. The samples were cut into pieces with lateral dimensions of 7 × 7 mm 2 for the diffusion experiments. The non-crystallinity of each glass was checked by X-ray diffraction, no partial crystallization was found. The densities measured with a floating method are in good agreement with calculations given by Appen [11] and Huggins and Sun [12] . Glass transition temperatures T g were obtained by means of a differential scanning calorimeter (Perkin-Elmer DSC 7) at a heating rate of 10 K min −1 . These measurements show no phase separation in the glass systems and a strong correlation between T g and the radii of the cations [13] [14] [15] .
Prior to the diffusion anneal a chloride solution with the radioactive isotopes 45 Ca, 85 Sr, and 133 Ba, respectively, was dropped onto the surface of the sample and dried. Diffusion anneals were performed in encapsulated silica ampoules filled with dried air or in an open quartz tube under a flow of forming gas at temperature up to 50 K below T g . In both cases a pressure of about 1 atm was established. The forming gas consists of a mixture of hydrogen gas H 2 and nitrogen gas N 2 in the ratio of 1 : 9. During diffusion annealing the temperature was controlled within ±1 K with a Pt/PtRh thermocouple. The temperatures and times set for the diffusion experiments under dried air and forming gas are given in Tables 1 and 2 , respectively. The diffusion process was stopped by cooling the sample in air to room temperature. Serial sectioning was accomplished via an ion-beam sputtering technique [16] . The sputtered material was collected on a foil, which was fed automatically after a specific time of 20 s to 10 min. The activity of each foil section was counted in a NaI(Tl) crystal scin- 2.03 ± 0.21 Table 2 . Self-diffusion coefficients D Ca of 45 Ca in A 2 O · 2CaO · 4SiO 2 bulk glasses with A = Li, Na, K obtained after diffusion annealing under a flow of forming gas at temperatures T and times t. Q Ca and D Ca,0 are the diffusion activation enthalpies and pre-exponential factors, respectively. 45 1.93 ± 0.11 tillation counter. For the bulk material, the depths of the circular craters left from sputtering were determined by the density of the glass, the diameter of the crater, and the mass difference of the sample before and after sectioning. For the glass films, the crater depths were determined by means of an optical profilometer. Assuming constant sputter rates, which were checked by measurements of the ion flux through the sample holder during the sputter process, Fig. 1 . Diffusion profiles of 45 Ca in sol-gel derived (a) Na 2 O · 2CaO · 4SiO 2 and (b) K 2 O · 2CaO · 4SiO 2 glass films measured after diffusion annealing at various temperatures under dried air. Fits illustrated by the solid lines are obtained on the basis of a convolutional integral, which takes the instrumental broadening effects of the sputter system into account (see [16] for details). The dotted line indicates the interface between the mixed cation glass film and the SiO 2 layer. The Ca diffusion coefficients and the corresponding activation enthalpies and pre-exponential factors are listed in Table 1 .
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Fig. 2. Diffusion profiles of
45 Ca in A 2 O · 2CaO · 4SiO 2 bulk glasses prepared from the melt with A = Li (a), Na (b), K (c) measured after diffusion annealing under forming gas flow at various temperatures. Fits illustrated by the solid lines are obtained on the basis of a convolutional integral, which takes the instrumental broadening effects of the sputter system into account (see [16] for details). The Ca diffusion coefficients and the corresponding activation enthalpies and preexponential factors are listed in Table 2. the activity vs. sputter-time profiles were transformed to activity vs. depth profiles. In the case when the sputter profiles of the glass films extend into the substrate, sputter rates separately determined for the glass films and the silicon substrate were used to calculate the penetration depth of the radiotracer. The penetration profiles were accurately described by a convolution of the thinfilm solution of Fick's second law and a contribution, which takes into account the broadening of the profiles due to instrumental effects (see [16] ). Figure 1 shows Ca profiles in sol-gel derived glass films obtained after diffusion annealing in dried air. Figure 2 illustrates Ca profiles in bulk glasses prepared from the melt after annealing in a flow of forming gas. The solid lines in Figs. 1 and 2 represent best fits to the experimental profiles.
In order to determine the alkali ion mobility in glass films of the compositions listed in Table 3 , conductivity measurements were performed. Sol-gel glasses were derived on silicon wafers with a sputtered platinum layer on top. Gold contacts were evaporated on top the glass film. Conductivities were measured at frequencies ranging from 10 1 to 10 6 Hz and at temperatures between 490 to 730 K using a HP Agilent 4192A and a Novocontrol α-S high resolution 2 1.10 ± 0.01 1.11 2 1.10 ± 0.01 1.11 Na 2 O · 2SrO · 4SiO 2 1.12 ± 0.01 1.19 2 1.16 ± 0.01 1.17 dielectric analyzer. Conductivity spectra of a Li 2 O · 2CaO · 4SiO 2 glass film are illustrated in Fig. 3 for different temperatures.
Diffusion of network formers
For the investigation of the diffusion of the network formers O and Si, bulk glass samples were melted and the crystallinity, density, and T g were measured alkaline-earth ions (second row), varying number of non-bridging oxygens (third row), and varying alkali to alkaline-earth ratio (fourth row).
Glass composition by means of the methods mentioned in Sect. 2.1. Cylindrical glass samples were sliced and polished as described above. The bulk glasses used for the network diffusion experiments are listed in Table 4 . These glasses cover a compositional range that allows us to investigate the dependence of O and Si diffusion on the type of the monovalent cations A and divalent cations M, the alkali to alkaline-earth ratio, and the concentration of non-bridging oxygens (NBOs). The latter comprises the oxygens bound to both alkali and alkalineearth ions. Accordingly, the number of NBOs can be calculated by the number of alkali ions and the number of alkaline-earth ions ( 18 O 2 from the gas phase. The oxygen profiles were recorded by means of time-of-flight secondary ion mass spectrometry (TOF-SIMS) at TAS-CON GmbH Münster in Germany. The measurements were performed in the dual beam mode using 2 keV Cs + ions for sputtering and 25 keV Bi + ions for analysis. The profiles were normalized to the total amount of O (C 
where C 1 , C 2 , x, and D O are the surface and background concentrations of 18 O, the penetration depth, and the O diffusion coefficient, respectively. Although all O diffusion anneals were performed in 18 O-enriched ambient that represents an infinite 18 O source, some O profiles were better described with the thin film solution
that is expected in the case of a finite 18 O source. On closer inspection of the TOF-SIMS data it became evident that the 18 O profiles, that are best fitted by Eq. (2), correspond to samples with a depletion of alkali and alkaline-earth ions near the surface. This change of glass composition in the surface region expands about 15 to 25 nm into the bulk and causes a retarded O diffusion in the depleted region compared to the bulk. This limits the O supply and is considered to lead to Gaussian shaped profiles. Oxygen diffusion profiles together with best fits based on Eqs. (1) and (2) are shown in Fig. 4a .
Diffusion of silicon from the gas phase into glasses is not possible due to the low partial pressure of Si at the diffusion temperatures. Moreover, diffusion studies with radioactive Si isotopes are not feasible due to the short half-life of 2.6 h of the radioactive isotope 31 Si. In order to explore the diffusion of Si in 30 Si-profiles were fitted taking into account the pre-annealed profiles as initial and solving Fick's law of diffusion numerically.
silicate glasses, we prepared thin layer structures with enriched stable Si isotopes by means of the sol-gel technique. For this purpose isotopically enriched TEOS was synthesized from highly enriched 28 Si. Details of the synthesis are described in Ref. [17] . Sol-gel layers of 28 SiO 2 were prepared by spin-coating on polished bulk glasses of compositions listed in Table 4 . Altogether nine different glass substrates were used for the deposition of an isotopically enriched 28 SiO 2 film. However, the isotope layer on the Na 2 O · 2SrO · 4SiO 2 glass cracked during consolidation. Moreover, from the remaining eight glasses only four revealed a uniform distribution of alkali and alkaline-earth atoms in both the bulk material and the glass film after consolidation. These four glass samples were used for Si diffusion experiments under flowing O 2 at temperatures between 773 and 973 K and an O 2 pressure of 1 atm.
After diffusion annealing the profiles of 30 Si were recorded by means of TOF-SIMS using 1 keV O 2− ions for sputtering and 25 keV Bi + ions for analysis. The profiles were normalized to the total amount of Si (C 0 Si = C28 Si + C29 Si + C30 Si ) and described by the solution of Fick's second law of diffusion. The pre-annealed profiles measured after consolidation were considered as initial profiles for the solution that was determined numerically using a software package provided by Jüngling et al. [18] . Examples of 30 Si profiles and best fits are illustrated in Fig. 4b .
The limited amount of isotopically enriched 28 Si restricted our study to the diffusion of Si in sol-gel derived glass films. No isotopically enriched bulk glasses could be prepared. The Si diffusion experiments with sol-gel derived glass films were conducted under open volume conditions in a gas flow of natural oxygen. In contrast, O diffusion experiments were performed with bulk glasses under closed volume conditions in 18 O 2 . In order to investigate Si diffusion under closed volume conditions and O diffusion in sol-del derived glass films, we prepared Na 2 O · 2CaO · 4 28 SiO 2 glass films on a Na 2 O · 2CaO · 4SiO 2 bulk glass as described above and annealed them in 18 O 2 at a pressure of about 1 atm. By means of these experiments the impact of the ambient conditions on Si diffusion and differences between O diffusion in bulk and thin film glasses can be investigated. The diffusion anneals were performed at temperatures between 723 and 873 K and the resulting 18 O and 30 Si profiles were recorded with TOF-SIMS and analyzed as mentioned above.
Results and discussion
Dynamics of network modifiers
Mixed cation effect
The impact of the type of cations and the alkali to alkaline-earth ratio on the diffusion of alkaline-earth ions in mixed alkali alkaline-earth silicate glasses with compositions A 2 O · 2MO · 4SiO 2 (A = {Li, Na, K, Cs}; M = {Ca, Sr, Ba}) and xA 2 O · (3 − x)MO · 4SiO 2 (A = {Na, K}; M = {Ca, Ba}) has already been published (see: [13, 14, 16, 19] ). These investigations revealed that the diffusion of the alkaline-earth ions is strongly affected by the alkali to alkaline-earth radii ratio resulting in a minimum of the alkaline-earth diffusion activation enthalpy in the case when both cations are of the same size. An unsymmetrical linear behavior in the diffusion activation enthalpy with increasing size difference is observed. These results support similar investigations with dynamic mechanical loss spectroscopy performed on the same glasses by Martiny et al. [20] . This peculiar mixed cation effect in the diffusion activation enthalpy of alkaline-earth ions in A 2 O · 2MO · 4SiO 2 glasses is accurately described by a model proposed by Kirchheim [21] . This model considers electrostatic forces between the cations and the non-bridging oxygens and elastic interactions between the diffusing cations and the glass network. Two cases are treated that are related to either smaller or bigger alkali ions compared to the ionic size of the alkaline-earth ions. In the first case the smaller alkali ions lead to a reduced mesh size of the glass network with respect to the bigger alkaline-earth ions. Accordingly, the bigger the alkaline-earth ions the higher is the network deformation associated with its jump. For radii ratios r M /r A > 1 the elastic interaction between the network and alkaline-earth ions mainly affects the mobility of the divalent cation and its diffusion activation enthalpy. For radii ratios r M /r A < 1, that is, the alkali ions are bigger in size than the alkaline-earth ions, the mesh size is expanded. In this case the smaller alkaline-earth ions can approach the center of negative charge of non-bridging oxygens closer than the alkali ions. This leads to a higher electrostatic interaction between the oxygen and the alkaline-earth ion. Therefore, for r M /r A < 1 the diffusion activation enthalpy of alkaline-earth ions also increases with increasing size difference. This impact of elastic and electrostatic contributions on the mobility of divalent cations is also supported by foreign atom diffusion experiments of calcium and barium in strontium containing glasses [19] .
An other peculiar mixed cation effect in the diffusion of the alkalineearth ions in mixed cation silicate glasses is found in the composition dependence. The variation of x in the glass composition xA 2 O · (3 − x)MO · 4SiO 2 (A = {Na, K}; M = {Ca, Ba}) leads to no change in the diffusion activation enthalpy of the alkaline-earth ion in the case when both cations are of the same size [14] . This holds for a soda-lime and a potassium-barium silicate glass. This experimental result confirms molecular dynamic simulations of soda-lime glasses [22] . The simulations predict that the local structure near Ca is independent of the Na content. Neutron diffraction measurements and reverse Monte Carlo modeling on soda-lime silicate glasses by Karlsson et al. [23] also reveal similar local environments of Ca and Na, which are retained when both cations are mixed. This supports the model of Kirchheim [21, 24] that predicts for cations of similar size a negligible change in the activation enthalpy of alkalineearth ions compared to a binary alkaline-earth silicate glass. According to Kirchheim, the decisive factor for a change in Q is an increasing size difference of the cations, which is almost zero for soda-lime and potassium-barium glasses. However, in glasses with mono-and divalent cations of dissimilar size, like in sodium-barium silicate glasses, an increasing Ba diffusion activation enthalpy is observed with increasing Na content. This reflects the reduction of the mesh size by the smaller Na ions resulting in a higher elastic contribution to the Ba diffusion activation enthalpy [21] . Glasses with dissimilar sized cations were also investigated by Karlsson et al. [23] by means of neutron diffraction measurement. In contrast to cations of similar size, the local environment of alkaline-earth ions in sodium-strontium containing glasses changes with varying ratio of the cations.
Irrespective of the radii ratio, the alkaline-earth mobility increases with increasing alkali content in the glass [14, 19] . This mixed cation effect is very different to the characteristics of the mixed cation effect in mixed alkali glasses, where the addition of a second alkali cation species constrains the mobility of the other alkali ions [25, 26] . The impact of the alkali content on the mobility of the alkaline-earth ions is supported by NMR measurements [27, 28] . These measurements reveal the formation of dissimilar cation pairs near non-bridging oxygens. A diffusion jump of a divalent ion induces a large electric dipole moment leading to a high backward jump probability to the nearby NBOs. This dipole moment associated with the diffusion jump of the alkaline-earth ion can be effectively reduced by an adjacent alkali ion jumping into the vacant site. This reduces the backward hopping probability of the alkaline-earth ion and leads to an increasing alkaline-earth diffusivity with increasing alkali content.
Impact of glass preparation
The diffusion data obtained from the analysis of Ca diffusion profiles in sol-gel derived glass films (see Fig. 1 ) are listed in Table 1 . The temperature dependence of the Ca diffusion coefficients are illustrated in Fig. 5 in comparison to the diffusion coefficients in the corresponding bulk glasses. The Arrhenius behavior shown by both glass systems is illustrated by the straight lines. It is evident that, within experimental accuracy, the diffusion coefficients and diffusion activation energies of the alkaline-earth ions in sol-gel derived glasses equal the diffusion behavior in the corresponding bulk material.
The frequency and temperature dependent conductivity spectra of a Li 2 O · 2CaO · 4SiO 2 glass film illustrated in Fig. 3 exhibit a characteristic shape for ionic conducting glasses consisting of three different processes: the electrode polarization, the frequency independent dc plateau, and the power-law dispersion. At low temperatures the conductivity isotherms do not show the nearly constant dc plateaus, because the experimental frequency is not sufficiently low. Figure 6 shows an Arrhenius plot of the dc conductivities. The obtained activation enthalpies are consistent with the results for bulk glasses reported by Martiny et al. [20] (see Table 3 ).
The good agreement between the mobility of the cations in bulk glasses prepared from the melt and glass films derived from the sol-gel technique indicates that the local structure of the cations in mixed alkali alkaline-earth glasses does not strongly depend on the way of glass preparation. 45 Ca diffusion coefficients D Ca in Na 2 O · 2CaO · 4SiO 2 and K 2 O · 2CaO · 4SiO 2 glass films compared to the corresponding bulk glasses [19] . The Arrhenius behavior is illustrated by the solid lines. Diffusion annealing was performed under dried air. 
Impact of ambient conditions
The diffusion data determined from Ca diffusion under forming gas in bulk silicate glasses (see Fig. 2a -c) are summarized in Table 2 . The temperature dependence of Ca diffusion is accurately described with an Arrhenius expression as illustrated in Fig. 7a-c . The corresponding Arrhenius parameters are listed in Table 2 . Previous results [19] on self-diffusion of Ca ions in Li 2 O · 2CaO · 4SiO 2 , Na 2 O · 2CaO · 4SiO 2 , and K 2 O · 2CaO · 4SiO 2 performed in encapsulated silica ampoules under dried air are shown in Fig. 7a-c, respectively , for comparison. It is demonstrated that reducing ambient conditions significantly influence the diffusion behavior of Ca. Whereas the mobility of Ca in Na-Ca and K-Ca glasses is retarded, its mobility is enhanced in Li-Ca glasses compared to diffusion annealing under air. For comparison we also performed a diffusion experiment of Ca in the soda-lime glass under air flow that confirms the data obtained for diffusion annealing under air (see Fig. 7b ). This reveals that the change in the Ca diffusion behavior in soda-lime glasses is truly related to the reducing ambient and not to the gas flow. The activation energy Q Ca of Ca diffusion for both the Na-Ca and the K-Ca glass is not significantly affected by annealing under reducing ambient, i.e., within experimental accuracy, the activation energies are equal for annealing under air and forming gas. However, a clear decrease in Q Ca is observed for the Li-Ca glass. The differences in the diffusion behavior of Ca under air and reducing ambient observed for various glasses is not related to compositional changes near the surface as verified by TOF-SIMS analyses.
The change in the diffusivity of Ca in the various mixed cation glasses as function of the ambient conditions is likely a consequence of structural changes in the Ca environment associated with Si−O−Si bond breaking. The presence of hydrogen might form additional defects such as hydroxide groups. In the case of the Li-Ca glass, the formation of hydrogen related defects likely causes structural changes that favor an expansion of the mesh size. Thereby the elastic interaction between the glass matrix and the Ca ions is reduced. This increases the mobility of the Ca ions. On the other hand, a mesh size increase in Na-Ca and K-Ca glasses due to bond breaking likely leads to a higher electrostatic interaction between the Ca ion and the local network, because the calcium ions can approach the NBOs more closely. As a consequence, the binding energy between Ca ions and NBOs increases. For all glasses studied in this work, oxygen is less mobile than Ca (see Sect. 3.2). Accordingly, a larger Coulomb interaction between Ca ions and NBOs will retard the diffusion of Ca under hydrogen annealing. This should also affect the activation enthalpy of Ca diffusion. However, the experiments demonstrate only a small retardation of Ca diffusion under hydrogen annealing (see Fig. 7b and c) . Accordingly, the change in the activation enthalpy, which can clearly be seen in lithium calcium glass, is expected to be small and hardly resolved within the experimental accuracy. Additionally, some diffusion sites for calcium might no longer be available due to the presence of hydrogen, which occupies these sites. In summary, the diffusion behavior of alkaline-earth ions in alkali alkalineearth silicate glasses under reducing ambient conditions can also be explained by the interplay of elastic and electrostatic interactions.
Dynamics of network formers
Impact of glass preparation and ambient conditions
The impact of glass preparation on O diffusion in a Na 2 O · 2CaO · 4SiO 2 glass is illustrated in Fig. 8a . Compared to the bulk glass of the same composition, the O diffusivity in the sol-gel derived glass is about one order of magnitude higher. The diffusion of O both in the bulk and the sol-gel derived glass is well described by an Arrhenius expression. The Arrhenius parameters for the bulk glasses are summarized in Table 4 and that of the sol-gel glasses are indicated in Fig. 8a . The higher diffusivity of O in the sol-gel glasses is associated with smaller activation enthalpies Q O compared to the bulk glass. Presumably, O diffusion is facilitated by Si−OH hydroxyl groups in the sol-gel that soften the glass structure. Such hydroxyl groups are products of the hydrolysis of TEOS and likely remain in a sol-gel derived glass even after consolidation. During annealing in O-rich ambient the concentration of OH groups decreases due to the formation and outdiffusion of H 2 O [29] . Accordingly, diffusion of O via hydroxyl groups should be a transient process. Actually, diffusion experiments at 773 K for 1 and 45 d indicate a smaller O diffusion for longer times (see Fig. 8a ). The difference, however, is small, because in the closed volume a constant H 2 O pressure is likely established that still leads to a higher diffusion coefficient of O compared to the bulk glass prepared from the melt.
The impact of ambient conditions on Si diffusion in the sol-gel derived Na 2 O · 2CaO · 4SiO 2 glass is illustrated in Fig. 8b Table 4 describes the Si diffusion under gas flow conditions very well. No evidence of a transient Si diffusion behavior is found, because the outdiffusion of hydroxyl groups likely occurs too fast to affect the slow Si diffusion. In this respect it is also noted that the Si diffusion data for closed volume annealing equal the Si diffusivity under gas flow conditions for temperatures higher than 800 K. However, at lower temperatures the Si diffusion for closed volume annealing exceeds the data for gas flow conditions and shows a clear transient behavior. We assume that the enhanced diffusion of Si under closed volume compared to gas flow conditions for temperatures equal and below 773 K is related to the higher stability and slower outdiffusion of OH groups at these temperatures compared to higher temperatures. The OH groups are considered to enhance the Si diffusion by softening the glass structure. According to theoretical calculations of the formation and migration energy of Si-vacancies and -interstitials in silica, Si diffusion under O-rich conditions is likely mediated by vacancies rather than by interstitials [30] [31] [32] . Theory predicts formation energies of about 4 and 12.5 eV for vacancies and interstitials, respectively [31] . Taking into account theoretical results on the migration energy of Si-vacancies reported by Limoge et al. [32] , the predicted activation energy of Si diffusion via vacancies is lower than via interstitials. In this picture, OH groups can favor the formation of Si vacancies by passivating the oxygen dangling bonds. As a consequence, Si diffusion in silicate glasses is enhanced by OH addition.
Our results on Si diffusion under different ambient conditions demonstrate that the impact of OH residues on Si diffusion in the sol-gel derived glass layers can be neglected when the temperatures and annealing times are sufficiently high and long. Under such conditions an Arrhenius type temperature dependence is obtained that is considered to be also representative for Si diffusion in bulk glasses. In the following the Arrhenius parameters for Si diffusion are presented that were determined for different glasses after sufficient long annealing times.
Mechanisms of diffusion
The diffusion of O and Si in mixed cation silicate glasses reveals an Arrhenius type behavior as illustrated in Fig. 9a and b for O and Fig. 9c for Si. The corresponding activation enthalpies Q and pre-exponential factors D 0 are summarized in Table 4 together with the respective T g values. The glass transition temperature can be considered as a measure of the rigidity of the glass. With increasing T g the glass network becomes stiffer. At first glance one might expect an increasing O and Si diffusion activation enthalpy with increasing T g . This is actually confirmed for Si as demonstrated by Fig. 10a . However, the activation enthalpy of O diffusion as function of T g behaves opposite as illustrated by Fig. 10b , that is, Q O decreases with increasing T g . Obviously, the diffusion of O is not directly related to the rigidity of the glass. As the ionic radius of the alkaline-earth element M decreases from Sr to Mg, Fig. 10b also indicates that Q O decreases with decreasing ionic size of M in Na 2 O · 2MO · 4SiO 2 glasses with M = Mg, Ca, Sr. With decreasing size the alkaline-earth ions can approach negative charge centers of NBOs more closely, i.e., a binding energy correlation between the activation enthalpy of O diffusion and the radii ratio r M /r Na is shown in Fig. 11 for Na 2 O · 2MO · 4SiO 2 glasses with M = Mg, Ca, Sr and is explained with an alkaline-earth assisted migration of O. The higher the binding energy, the higher is the probability to form mobile O−M pairs. This leads to a decreasing O diffusion activation enthalpy with increasing O−M binding energy. This is somewhat comparable with a vacancy-assisted diffusion of dopants in semiconductors [33, 34] . An attractive binding energy between the dopant (D) and the vacancy (V) due to electrostatic and/or elastic forces can favor the formation of D−V pairs. The mobile V acts as diffusion vehicle for the substitutional dopant. In the case of our glass system, the diffusion vehicle of oxygen is the alkaline-earth ion. Note, the formation of O−M pairs is not considered to facilitate the diffusion of M, since the pairs are likely less mobile than M 2+ . As a consequence, O−M pairs mainly determine the diffusion of oxygen in alkali alkaline-earth silicate glasses but contribute to the overall diffusion of M only to a minor extend.
Following the approach of Kirchheim [21] , the binding energy E b = E C − E el of the O−M pairs comprises elastic (E el ) and electrostatic (E C ) contributions. A Coulomb interaction energy E C can be estimated via
where M 2+ and O 2− are considered as hard spheres in a distance of δ to each other. 0 and r denote the vacuum permittivity and the permittivity of the glass, respectively, e is the elementary charge and r M and r O indicate the sphere radii of the particular cations. Assuming that δ is negligible compared to r M and r O and taking into account ionic radii r M for alkaline earth ions in sixfold coordination (see values listed in Ref. [21] ), r O = 0.140 nm, and r ≈ 8 [35] , Eq. (3) yields for the O−M pairs (M ∈ {Mg, Ca, Sr})
To estimate the elastic contribution to the binding energy of O−M pairs, we consider the elastic interaction E el of alkaline-earth ions in Na 2 O · 2MO · 4SiO 2 glasses with M = Mg, Ca, Sr. Within the approach of Kirchheim [21] , the following values are obtained
The values given by Eqs. (4) to (9) A good agreement between the binding energy differences and activation energy differences is observed for glasses containing Mg and Ca. The energy differences of the Ca-and Sr-glasses reveal the same trend, but the activation energy difference exceeds the binding energy difference by about 0.5 eV. Nevertheless, both values are of the same order of magnitude and even agree within experimental accuracy. Figure 11 also illustrates the dependence of the alkaline-earth diffusion activation enthalpy on the radii ratio r M /r Na [19, 20] . The correlation with a minimum in the activation enthalpy Q M at r M /r Na ≈ 1 (see Sect. 3.1.1) becomes even more pronounced when the diffusion activation enthalpies of the divalent ions in glasses with Li, K, and Cs are taken into account [19] . The interrelation between Q M and the radii ratio of the alkaline-earth to alkali ions is explained with the impact of electrostatic and elastic interactions on the diffusion of the alkaline-earth ions [21] . For r M /r Na < 1 electrostatic and for Q M at r M /r Na > 1 elastic interactions determine Q M . The formation of O−M pairs affects the overall diffusion of the alkaline-earth ions only to a minor extent, because the diffusion of the divalent cations is mainly assisted by the alkali ions (see Sect. 3.1). Therefore, the diffusion activation enthalpies Q M of the alkaline-earth ions shown in Fig. 11 are not directly comparable with the activation enthalpies Q O of the O−M assisted O diffusion. This is supported by the different trend in the diffusion activation enthalpy vs. the radii ratio r M /r Na . In contrast to Q M , Q O shows no minimum for r M /r Na ≈ 1 indicating that the Fig. 12 . With increasing Ca content, i.e. decreasing x, the diffusion of both O and Ca decreases. However, the Ca diffusion decreases almost 4 orders of magnitude from x = 1 to x = 0, whereas the decrease of O diffusion in this x range is less than two orders of magnitude. As a result the mobility of Ca approaches the mobility of O with decreasing x. Finally, O diffuses only about one order of magnitude slower than Ca in the 3CaO · 4SiO 2 glass. Ca diffusion in soda-lime glasses is assisted by the mobile Na + ions that effectively reduce the electric dipole moment associated with the hop of the divalent ion to a next possible site (see Sect. 3.1). With decreasing x, i.e. decreasing Na content, a Na + assisted migration of Ca 2+ gets less significant and other contributions to Ca diffusion become more important. These contributions could comprise a diffusion via Ca 2+ and O−Ca pairs. In particular, the significance of O−M pairs in the diffusion of Ca is expected to increase with decreasing x because the formation of neutral O−M pairs effectively reduces the electrostatic interaction of Ca 2+ with the network. In summary, the convergence of the O and Ca diffusivity in xNa 2 The activation enthalpy of O diffusion in yNa 2 O · 2yCaO · 4SiO 2 glasses with y = 0.5, 1.0, 1.25 decreases with increasing T g as illustrated in Fig. 13 . Obviously, like in the case of Na 2 O · 2MO · 4SiO 2 glasses (see Fig. 10b ), the O diffusion is not related to the rigidity of the glass. With increasing y the concentration of alkali and alkaline-earth ions and NBOs increases and the glass network gets more fragmented. Figure 13 suggests, in line with an M-assisted O diffusion, that the O−M binding energy decreases with increasing y in order to predict increasing Q O values. But why should the formation of O−M pairs be hampered when the number of NBOs increases? One possible explanation is that with increasing y stronger structural relaxations occur. Then the formation of O−M pairs costs more elastic energy and is hindered. This is supported by the increasing density of the glass with increasing y that leads to a smaller volume of the glass per mole oxygen and, in accordance with the model of Kirchheim [21] , larger values for the elastic energy are expected.
Conclusions
Combining diffusion studies with radioactive and stable isotopes and conductivity measurements, we investigated the dynamics of alkali (A) and alkalineearth (M) network modifiers and of the network formers silicon (Si) and oxygen (O) in various mixed alkali alkaline-earth silicate glasses that were prepared as bulk glasses from the melt and as glass films by means of the sol-gel technique. We investigated how the type of mono-and divalent cations, their composition ratio, the concentration of NBOs, the way of glass preparation, and the ambient conditions affect the diffusion of the glass components.
The alkaline-earth diffusion is strongly affected by the alkali to alkalineearth radii ratio due to electrostatic and elastic interactions of the alkaline-earth ions with the network that hamper the alkaline-earth mobility with increasing size difference. The increasing alkaline-earth mobility with increasing alkali content is explained by the formation of dissimilar cation pairs, whose presence has been detected by NMR measurements [27, 28] . The alkali and alkaline-earth diffusion is unaffected by the way of glass preparation. Diffusion experiments under reducing ambient show a retarded alkaline-earth mobility in soda-lime and potassium-calcium glasses, however the calcium mobility is enhanced in lithium-calcium glasses. This behavior can be understood by assuming additional defects that form in glasses under annealing in reducing ambient.
The silicon diffusion is directly related to the glass transition temperature T g and therewith to the rigidity of the glass. In contrast it was found that the activation enthalpy of oxygen diffusion decreases with T g . This provides evidence of an alkaline-earth ion assisted diffusion of oxygen that assumes the formation of pairs between alkaline-earth (M) and oxygen (O) ions. Although these O−M pairs mainly mediate oxygen diffusion, their contribution to the overall diffusion of the alkaline-earth ions is minor, because the alkaline-earth diffusion is mainly alkali assisted and exceeds the oxygen diffusion by several orders of magnitude. The O−M pair formation hypothesis is supported by the difference of the oxygen and calcium diffusivity in soda-lime glasses with various sodium contents, that is, with decreasing sodium content the sodium-assisted diffusion of calcium becomes minor and the contribution of O−M pairs becomes noticeable. Considering soda-lime glasses with different concentrations of non-bridging oxygens (NBOs), the diffusion activation enthalpy of oxygen increases with increasing NBO concentrations. In the picture of an O−M pair assisted oxygen diffusion this is related to a decreasing O−M binding energy. This points to stronger structural relaxation in soda-lime glasses with an increasing number of NBOs that hinders the formation of O−M pairs.
